As reported in GHGT-12, CRIEPI engaged in NEDO project to develop CO 2 capture IGCC system, whose efficiency is more than 42%(HHV), as joint project with Kyushu University since 2008. In this system, exhaust gas is recirculated to gasifier and gas turbine combustor, just as oxy-fuel combustion boiler. In 2015, CRIEPI started 2 nd phase 5 years' NEDO project with assistance of Mitsubishi Heavy industries and Mitsubishi Hitachi Power Systems. In this phase, MHI uses 50TPD gasifier and 1/3 scaled GT combustion test stand to obtain data to design large scale plant. On the other hand, CRIEPI modify its 3TPD gasifier to clarify O 2 /CO 2 gasification performance. In addition, hot gas clean-up system will be examined in above 2 gasifiers. CRIEPI install exhaust gas recirculation unit to clarify fundamental characteristics of semi-closed cycle gas turbine. This paper is to show the progress after GHGT-12 and whole picture of 2 nd phase project by CRIEPI.
Introduction
CCS (Carbon capture and storage) technology is a way to reduce CO 2 emission, but huge energy is required to capture CO 2 .Thus the project to develop high efficiency CO 2 capture IGCC system, which can keep its efficiency more than 42% (HHV), has started. This system gasifies coal with mixed gas of O 2 and recirculated exhaust gas mainly consist of CO 2 , just as oxy-fuel combustion boiler. In this system, exhaust gas is recirculated to gasifier and gas turbine combustor and substitute air for gasifier and combustor with adding necessary O 2 . As the exhaust gas is mainly composed of CO 2 , shift reactor and CO 2 capture unit are not required in this system. Thus no steam is required to bleed from steam cycle, and thermal efficiency is kept high even after capturing CO 2 . Since 2008, CRIEPI executed various works as NEDO project with Kyushu University. From 2015, CRIEPI started 2 nd phase 5 years' NEDO project as joint project with Mitsubishi Heavy industries (MHI) and Mitsubishi Hitachi Power Systems (MHPS). In this phase, MHI uses 50TPD gasifier and 1/3 scaled GT combustion test stand to obtain data to design pilot scale plant. On the other hand, CRIEPI modify its 3TPD gasifier and clarify the gasification performance of O 2 /CO 2 gasifier. In addition, hot gas clean-up system will be examined both in 50TPD gasifier and 3TPD gasifier. CRIEPI modify its single burner furnace and enable exhaust gas recirculation in order to clarify this phenomenon. This paper is to show the progress since GHGT-12 and whole picture of 2 nd phase project by CRIEPI.
Concept of oxy-fuel IGCC system[1] and steps toward commercialization
Conventionally IGCC capture CO 2 by applying pre-combustion capture system ( Fig.1 (1) ). This system converts syngas to a mixture of CO 2 and H 2 using shift reactor and separates CO 2 using capture unit, then the remaining H 2 is fed to gas turbine as a fuel. This system extract large amount of steam from power block for shift reactor and CO 2 capture unit, then gross output is reduced with CO 2 capture (Fig.2) .
On the other hand, high-efficiency oxy-fuel IGCC system ( Fig.1 (2) ) can maintain high efficiency of more than 42% (HHV) even after capturing CO 2 . There are several reasons, major reasons among them are explained. First of all, this system doesn't need shift reactor and CO 2 capture unit and it doesn't need to extract steams, thus gross output doesn't decrease. Next reason is reduction of heat loss. Introduction of semi-closed cycle gas turbine system reduces amount of exhaust gas, thus waste heat from system is reduced. In addition, introduction of hot gas clean-up system improves thermal efficiency. Hot gas clean-up system for this system is honey-comb shaped desulfurization sorbent whose operation temperature is around 450 degree C. As operating temperature is high, cleaned syngas is fed to gas turbine without losing heat. In case of pre-combustion capture system, CO 2 capture unit, whose operating temperature is low, is installed at upstream of gas turbine. Even if hot gas clean-up system is installed to pre-combustion capture system, additional heat exchanger is required to maintain fuel gas temperature from CO 2 capture unit. Thus hot gas clean-up system can't improve thermal efficiency of pre-combustion capture system well.
(1) Pre-combustion capture system (2) High-efficiency oxy-fuel IGCC system Fig.1 Fig.3 shows commercialization procedure for high-efficiency oxy-fuel IGCC system. Conventional thermal power generation technologies were developed by stepwise scale up procedures. High-efficiency oxy-fuel IGCC system will take a similar steps, namely from bench scale test to pilot scale test, and will be concluded by demonstration test. This procedure can be shorten in some cases, for example, obligation of CCS on coal-fired thermal power stations and so on. Otherwise, this system will be commercialized in late 2030s.
Consideration on combustion characteristics of semi-closed cycle gas turbine system [2]
As stated above, high-efficiency oxy-fuel IGCC system requires semi-closed gas turbine system. Semi-closed gas turbine system uses pure oxygen with diluting by recirculated exhaust gas, mainly composed of CO 2 and H 2 O. Semi-closed gas turbine system firing coal syngas is not studied well. Several related papers were published but these experiments were done, but they used H 2 or CH 4 as fuel and their combustion tests were done under diluting conditions not by CO 2 but by H 2 O.
In this system, there are several points to be considered. First, it is required to operate around stoichiometric ratio. And it must be hard to enhance combustion efficiency, in case firing syngas mainly composed CO in high CO 2 concentration atmosphere judging from following reaction equation. 2CO+O 2 -> 2CO 2 In this project CRIEPI executed combustion tests using single burner equipment (Fig.4) to clarify fundamental combustion characteristics considering effect of dilution gas composition, namely ratio of H 2 O/CO 2 , and effect of fuel composition, namely ratio of H 2 /CO and so on. Fig. 5 is an example or experimental results. In case of air combustion, combustion efficiency is almost 100% within small residence time. On the other hand, combustion efficiency in recirculated exhaust gas dilution condition, namely dilution by mixture of CO 2 and H 2 O, is lower than that of air combustion. CRIEPI executed various experiments using single burner equipment, and clarified combustion characteristics in recirculated exhaust gas dilution conditions. In 2016, CRIEPI modified single burner equipment to enable recirculation of exhaust gas actually, to clarify the effect of recirculation on behavior on NOx and so on. In the 2 nd Phase project, MHI installed test stand for 1/3 scaled gas turbine combustor, and plans to execute combustion test by mixture gas prepared considering syngas composition of semi-closed gas turbine system. After that MHI plans CFD analysis to evaluate temperature profile and gas composition profile inside combustor. Necessary points to be considered for designing pilot plant, will be clarified by comparing the data to that of conventional combustor.
Effect of CO 2 enrichment on gasification reaction [3]
In GHGT-12, we explained effect of CO 2 enrichment on gasification reaction. CRIEPI executed CO 2 enriched gasification experiments using 3TPD gasifier. After that we clarified gasification performance of several other brands of coal in CO 2 enriched conditions and found out that CO 2 enrichment promote gasification reaction of char particle and carbon conversion efficiency has increased actually, in most cases (Fig.6) .
In this 2 nd phase, CRIEPI modifies coal feeding system of 3TPD gasifier, and enable O 2 /CO 2 gasification, in order to clarify effect of CO 2 concentration in O 2 /CO 2 gasification conditions. MHI installed CO 2 supply unit to 50TPD gasifier and plan to clarify O 2 /CO 2 gasification performance and obatain data to design larger scale gasifier.
Consideration on hot gas cleanup system [1] [4]
As stated above, hot-gas cleanup system improves thermal efficiency, and in GHGT-12, we explained that the countermeasure for carbon deposition is essential. In this system, CO concentration of syngas is so high that fine carbon particles are supposed to deposit on sorbent of hotgas cleanup system. Carbon deposition deteriorates performance of hot-gas cleanup system. CRIEPI found out appropriate countermeasure [1] . After that, CRIEPI developed new sorbent which is resistant to carbon deposition [4] . In this 2 nd phase CRIEPI installed desulfurization sorbent to 3TPD gasifier to validate its performance under high pressure condition.
On the other hand, CRIEPI plan to install 3-column hotgas clean-up system, to 50TPD gasifier at MHI Nagasaki. With support by MHI, CRIEPI plants to execute hot-gas clean-up experiments in order to obtain necessary data to design pilot scale plant. Fig.6 Relation between CO 2 concentration and gasifier CCE [3] Gasifier CCE (%) = (Carbon in product gas) . (Carbon in coal and char fed into gasifier)
